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Hepatitis E virus (HEV), a major cause of viral hepatitis in much of the
developing world, has recently been detected in swine in North America and
Asia, raising concern about potential for zoonotic transmission. To investi-
gate if HEV is commonly present in swine in the Netherlands, pooled stool
samples from 115 swine farms and nine individual pigs with diarrhea were
assayed by reverse transcription-polymerase chain reaction (RT-PCR)
amplification. HEV RNA was detected by RT-PCR and hybridization in 25
(22%) of the pooled specimens, but in none of the individual samples. RT-
PCR amplification products of open reading frames 1 and 2 were
sequenced, and the results were compared with published sequences of
HEV genotypes from humans and swine. HEV strains from swine in the
Netherlands were clustered in at least two groups, together with European
and American isolates from swine and humans. Our data show that HEV in
swine in the Netherlands are genetically closely related to HEVs isolates
from humans. Although zoonotic transmission has not been proven, these
findings suggest that swine may be reservoir hosts of HEV.
Hepatitis E virus (HEV) is a nonenveloped RNA (7.5-kb)
virus, previously classified as a calicivirus but provisionally
classified in a separate family of HEV-like viruses (1). HEV
is responsible for large epidemics of acute hepatitis and spo-
radic cases in southeast and central Asia, the Middle East,
parts of Africa, and Mexico. Few HEV infections have been
reported in nontravelers in industrialized countries, includ-
ing the Netherlands (2). HEV infection spreads by the fecal-
oral route, usually through contaminated water. The clinical
illness resembles other forms of acute viral hepatitis, with
onset after an 1- to 8-week incubation period. Clinical attack
rates are the highest among young adults. In younger age
groups, infections are more often anicteric and asymptom-
atic. Chronic HEV infection has not been observed. Although
the death rate is usually low (0.07% to 0.6%), the illness may
be particularly severe among pregnant women, with death
rates as high as 25% (3). To date, no specific treatment is
available for HEV infection. Ensuring a clean drinking water
supply remains the best preventive strategy. 
Viral excretion begins approximately 1 week before
onset of illness and persists for nearly 2 weeks; viremia can
be detected during the late phase of the incubation period
and in the acute phase of illness (3,4). Long-term persistence
of HEV in the body fluids of infected persons seems to be an
unlikely reservoir for transmission of HEV (3). Experimental
HEV infection in swine has been reported (5), and serologic
evidence for HEV infection in swine from areas endemic for
human HEV has also been reported (6). Recent isolation of a
swine virus resembling human HEV suggests the possibility
of zoonotic HEV infection (7).
The objective of this study was to investigate if HEV is
prevalent in swine in the Netherlands and to determine the
relationship between the strains detected in pigs and those
described in humans.
Methods
Fecal Specimens
Stool specimens from swine were collected as part of
ongoing surveillance for potential zoonotic microorganisms
associated with gastroenteritis in humans (8). From October
10, 1998, through April 21, 1999, fecal samples were col-
lected from 115 pig farms located throughout the Nether-
lands. Pig samples were collected from fattening pigs 3 to 9
months of age; farm sizes ranged from 22 to 1,600 animals.
Individual stool samples were collected from nine pigs with
diarrhea.
Sampling
The sampling strategy was designed to allow monitoring
for the presence of pathogens in a large number of animals;
it allows detection of microorganisms at the farm level with
a prevalence of 5% and 95% confidence (8). Pig farm samples
were collected from animals housed in one randomly chosen
farm building. A minimum of 20 and a maximum of 60 fresh
stool specimens were collected per farm and pooled samples
were designated as the farm sample. Fecal samples were
stored until testing at -70°C in 15 g/L of Trypton Soya broth
(Oxoid CM 129) and 10% glycerol.
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Molecular Detection of HEV
For extraction of viral RNA, stool samples were resus-
pended in Hanks balanced salt solution (Gibco BRL, Breda,
the Netherlands) to a final concentration of approximately
10%. These suspensions were centrifuged at 3,000 x g for 20
minutes, and 100 µL was used for RNA extraction. Viral
RNA was extracted by binding to size-fractionated silica
beads (Sigma, Roosendaal, the Netherlands) in the presence
of guanidinium isothiocyanate (GuSCN). Bound RNA was
washed and eluted as described (9).
To reduce risk of contamination, one water sample for
every four stool specimens was included as a negative con-
trol, treated the same way as the fecal samples. For positive
controls, three HEV-positive samples (10% fecal suspen-
sions) were used. One human (US-2) and one swine (Meng
isolate) HEV-positive sample, both isolated in the United
States, were included. The human isolate (US-2) was pas-
saged once in a Cynomolgus macaque and once in a Rhesus
monkey (Macaca mulatta). The swine isolate was passaged
once in a Rhesus monkey. The third positive control sample
was a Burmese HEV swine isolate (10), which was passaged
once in Cynomolgus monkeys ( M. fascicularis). Extraction,
preparation of master mixes and reactions, and analysis of
polymerase chain reaction (PCR) products were done in dif-
ferent rooms with designated sets of pipettes. To avoid false-
positive PCR results, the precautions described by Kwok and
Higuchi (11) were strictly followed.
We used single-round and nested reverse transcription
(RT)-PCR assays with primer pairs, as described by Meng et
al. (7), Wang et al. (12), and Schlauder et al. (13). Two of
these primer pairs target a section of the open reading frame
(ORF)1 gene coding for nonstructural proteins (Table 1).
Three primer pairs target the ORF2 part of the HEV genome
that codes for the viral structural proteins (Table 1). Primers
ORF2-s1 and ORF2-a1 were used for screening and detect-
ing HEV RNA in all fecal samples. This single-round RT-
PCR amplifies 197 nucleotides of ORF2. Primer sets ORF1-
s1/ORF1-a1 with ORF1-s2/ORF1-a2 and 3156-EF/3157-ER
with 3158-EF/3159-IRS were used for nested PCR amplifica-
tion of specific parts of the ORF1 and ORF 2 encoding
regions. Second-round internal primers amplify the 286 and
348 nucleotides of ORF1 and ORF2, respectively.
For RT, 5 µL of RNA was mixed with 4 µL of 45 pmol
antisense primer (ORF1a1 for ORF1 and 3157ER for ORF2).
The solution was heated to 95°C for 2 minutes, and after
cooling on ice, 6 µL of RT buffer was added. The RT reaction
was performed in a final volume of 15 µL consisting of 10
mM Tris-HCl (pH 8.3), 50 mM KCl, 3 mM MgCl2, 1 mM each
of deoxynucleoside triphosphates (dNTPs), and 5 U of  avian
myeloblastoma virus-RT (Boehringer Mannheim, Almere,
Netherlands). The mixture was incubated for 1 hour at 42°C,
heated for 5 minutes at 95°C to denature the enzyme, and
then placed on ice. Five microliters of the RT mixture was
added to the PCR mix, which contained 10 mM Tris-HCl (pH
9.2), 75 mM KCl, 1.5 mM MgCl2, 0.2 mM dNTPs, 2.5 units
AmpliTaq (Perkin Elmer, Nieuwerkerk a/d IJssel, Nether-
lands), and 15 pmol sense primer (ORF1-s1 for ORF1 and
3156 EF for ORF2). The final volume of the PCR reaction
was 50 µL. Mineral oil was added, and 40 amplification
cycles (1 minute at 94°C, 1 minute 30 seconds at 55°C, and 1
minute at 74°C each) were performed. The amplification
products were analyzed by 2% agarose gel electrophoresis
and visualized with UV after ethidium bromide staining.
Methods for both amplification rounds of the nested PCR
were the same as for the single-round PCR. To measure HEV
concentrations in the pooled fecal pig farm samples, end-
point dilution PCR was performed with the US-2 sample as a
reference.
Southern Blot Hybridization
RT-PCR was followed by Southern blot hybridizations.
An HEV-specific probe was developed based on the consen-
sus sequence of RT-PCR products of the human and swine
HEV control samples. The probe sequence was
5'gagaatgcdcagcaggayaaggg3'. For Southern blotting, the
RT-PCR products in the agarose gel were denatured by incu-
bating in 0.5 M NaOH for 30 minutes and transferred to a
positively charged nylon membrane (Boehringer, Almere,
Netherlands) by vacuum blotting (Millipore, Etten-Leur,
Netherlands). 
Hybridization of HEV RT-PCR products was performed
as described for  Norwalk-like virus by Vinjé et al. (14).
Briefly, the nylon membranes were prehybridized for 30
minutes at 42°C in 20 mL 2x SSPE (300 mM NaCl, 20 mM
NaH2PO4H2O, 2 mM EDTA, pH 7.4) with 0.1% sodium
dodecyl sulfate (SDS). The membranes were left for 45 min-
utes at 42°C to allow hybridization, after addition of 40 pmol
of each of the 5'-biotinylated probes (14). The membranes
were washed three times for 10 minutes at 42°C with 2x
SSPE and 0.1% SDS. Then the membranes were incubated
Table 1. Oligonucleotide primers employed for RT-PCR amplification
Primer Sense Sequence (5' to 3') Position in genome Reference
ORF1-s1 Sense Ctggcatyactactgcyattgagc 56-79 13
ORF1-a1 Antisense Ccatcrarrcagtaagtgcggtc 451-473 13
ORF1-s2 Sense Ctgccytkgcgaatgctgtgg 104-124 12
ORF1-a2 Antisense Ggcagwrtaccarcgctgaacatc 367-389 12
ORF2-s1 Sense Gacagaattratttcgtcggctgg 6298-6321 13
ORF2-a1 Antisense Cttgttcrtgytggttrtcataatc 6470-6494 13
3156-EF Sense Aaytatgcmcagtaccgggttg 5687-5708 7
3157-ER Antisense Cccttatcctgctgagcattctc 6395-6417 7
3158-EF Sense Gtyatgytyygcatacatggct 5972-5993 7
3159-IRS Antisense Agccgacgaaatyaattctgtc 6298-6319 7
aNucleotide positions are numbered according to the Burmese strain (10).Research
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with 1:4,000 diluted streptavidin-peroxidase conjugate
(Boehringer, Almere, the Netherlands) for 45 minutes at
42°C in 10 mL of 2x SSPE and 0.5% SDS. After washing
three times (10 minutes each) with decreasing concentra-
tions of SDS (0.5%, 0.1%, and 0%) in 2x SSPE, the mem-
branes were incubated for 2 minutes with the enhanced
chemoluminescence (ECL) detection reagents (Amersham
Life Science, s’Hertogenbosch, the Netherlands), and then
were exposed to an ECL hyperfilm (Amersham Life Science)
for 30 minutes and overnight to visualize the bound probe.
Cloning, Sequence Comparison, and Phylogenetic 
Analysis
HEV RT-PCR products of expected sizes from the pig
farm samples were excised from a 2% agarose gel, purified
with a Qiaquick gel extraction kit (Qiagen, Hilden, Ger-
many), and cloned into pGEM T-Easy Vector System II
(Promega, Madison, WI). After transformation, five positive
colonies of each ligation were selected. The pGEM T-Easy
Vector was checked for correct insertion size by direct PCR
amplification with M13 forward and M13 reverse primers.
Correct PCR products were purified with PCR purification
kit (Qiagen) and sequenced with the BigDye Terminator
Cycle Sequencing Ready Reaction Kit (Perkin Elmer,
Applied Biosystems, Foster City, CA) by the use of PCR
primers. Nucleotide sequences were edited by using Seq Ed
(V1.03, Applied Biosystems) and aligned by Bionumerics
(V2.0 Applied Maths, Kortrijk, Belgium). Distance calcula-
tions were done by the Jukes and Cantor correction for evo-
lutionary rate (15). The confidence values of the internal
nodes were calculated by performing 100 bootstrap analyses.
Evolutionary trees for nucleotide sequences were drawn by
the Jukes and Cantor method, with HEV strain Burma
(GenBank accession number M73218) bp 125-366 and bp
5,994-6,297 as reference.
Electron Microscopy
Electron microscopy procedures were performed as rec-
ommended by Flewett (16) and Doane and Anderson (17).
Briefly, a 10% fecal suspension in phosphate-buffered saline
was clarified by centrifugation for 30 minutes at 3,000 x g at
4°C. The supernatant fluid was collected and centrifuged for
1 hour at 90,000 x g at 4°C. The pellet was resuspended in 1
drop of distilled water, and the grids were negatively stained
with 2% K-phosphotungstic acid (pH 7.0). Grids were inves-
tigated for the presence of viruses with an electron micro-
scope, model Philips 400T (Philips, Eindhoven, the
Netherlands) at 80 kV. Identification of virus particles was
based on morphologic criteria, i.e., size and characteristic
surface morphology (18). The diameters of the virus particles
were measured directly on the negatives, instead of on the
prints. A 10x measuring magnifier with metric scale was
used for particle measurements. Magnification calibration
was performed each year with a crossed-line grating replica.
All fecal swine farm samples (n = 115) were screened by
electron microscopy for viruses.
Results
RNA Detection and Virus Detection
In 20 of the pooled samples from the swine farms, HEV
was detected by single-round RT-PCR with the primer pair
ORF2-s1/ORF2-a1. None of the nine individual samples from
pigs with diarrhea contained HEV RNA by RT-PCR. South-
ern blot hybridization with a probe designed for both human
and swine HEV strains confirmed all RT-PCR-positive reac-
tions and identified 5 more positive pooled samples, for a
total of 25 (22%) of 115 HEV-positive farm samples. 
Nested RT-PCR of ORF1 and ORF2 fragments, with dif-
ferent primer sets, was performed for sequencing. Nested
RT-PCR of the 25 HEV-positive samples with the primer
sets targeting ORF1 resulted in PCR products of specific size
in 18 samples. Nested RT-PCR with the primer sets target-
ing ORF2 resulted in PCR products of specific size in 17 sam-
ples. Five of these samples were positive in the first
amplification round. In one sample, our single-round screen-
ing RT-PCR was negative, but the nested RT-PCR was posi-
tive. 
PCR titers (endpoint dilution PCR) of the pooled fecal
pig farm samples were between 10 E.4 and 10 E.2. In com-
parison, the US-2 isolate had an infectivity titer of approxi-
mately 10 E.6 and reached 10 E.2 positive dilutions by PCR
(Figure 1). 
Electron microscopy analysis of the 25 RT-PCR positive
samples revealed particles with HEV-like morphologic fea-
tures in only one pig farm sample. The diameter of these par-
ticles was 31.5 nm.
Cloning, Sequence Comparison, and Phylogenetic 
Analysis
For 14 HEV isolates, nucleotide sequences of both ORF1
and ORF2 PCR products were obtained. Cloned sequences
from the same sample showed little or no diversity in ORF1
as well as ORF2 fragments. Only cloned sequences were
used in the phylogenetic analyses. The sequences reported in
this paper have been deposited in GenBank (accession
numbers AF336290-336299 and AF335998-336014). Com-
parison of the nucleotide sequences showed percent nucleic
acid identities of 82.0% to 95.5% in the 242-bp fragment of
ORF1 and 79.5% to 92.7% in the 304-bp fragment of ORF2
among swine HEV isolates from the Netherlands. The com-
parative analysis of sequences of the capsid encoding region
ORF2 from GenBank indicated that parts of the Dutch swine
sequences (NLSW22 and NLSW122) were closely related
(90.0% to 90.9%) to the U.S. human and swine strains, and
Figure 1. Endpoint dilution polymerase chain reaction with the US2
human Hepatitis E virus (HEV) sample as reference (infectivity titer
approximately 10 E.6). M: molecular mass marker; lanes 1-4
NLSW50 10-1,10-2,10 -3 ;lanes 6-9: NLSW15 10-1,10-2,10-3; lanes 11-
14: NLSW20 10-1,10-2,10-3; lanes 16-19 US2 10-1,10-2,10-3. Lanes
5,10 and 15 negative control water samples.Research
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others (NLSW50) were closely related (91.8% to 93.1%) to
human and swine strains from Spain (Table 2). Comparison
with other isolates from endemic areas showed a nucleotide
identity <79.8% in both fragments. Many of these changes
did not result in differences at the amino acid level.
By phylogenetic analysis, the swine HEV sequences of
ORF1 and ORF2 formed at least two separate clusters.
Seven of 14 Dutch isolates were closely related to the U.S.
human and swine isolates. The other seven Dutch isolates
were closely related to European HEV isolates from humans
and swine (Figures 2 and 3).
Discussion
To determine whether HEV is prevalent in swine in the
Netherlands, we used RT-PCR methods, with primers
located in the HEV ORFs 1 and 2. Cloned sequences of the
PCR product showed little or no diversity, suggesting that
only one or a few HEV strains circulated in a pig farm.
Despite the fact that PCR titers revealed reasonable
quantities of virus (Figure 1), particles with HEV-like mor-
phologic features could be detected by electron microscopy in
only one of the 25 RT-PCR positive samples. This relatively
low number of positives by electron microscopy can be
explained by the greater sensitivity of RT-PCR and may also
have resulted from freeze-thawing the samples. HEV-like
caliciviridae have been described as sensitive to freeze-
thawing (27).
This is the first report with direct evidence of HEV in
swine in Europe. Pina et al. (21) reported detection of HEV
sequences in sewage from a swine slaughterhouse, suggest-
ing that HEV might be present in swine. The rather high
prevalence of HEV in commercial swine farms suggests that
it is widespread in the general swine population. In this
study, clinical symptoms in swine were not recorded, and no
overt clinical symptoms were observed. Therefore, a clinical
association with HEV infection could not be demonstrated.
Table 2. Nucleotide identity (%) between NLSW Hepatitis E virus (HEV) isolates, with respect to other HEV strains, in sections of 242 bases of
ORF1 and 304 bases of ORF2a
ORF1 fragment ORF2 fragment
HEV strain NLSW15 NLSW22 NLSW50 NLSW105 NLSW15 NLSW22 NLSW50 NLSW105
NZ1 82.0 85.7 82.3 84.2 Nab Na Na na
Italy 80.8 82.3 80.8 83.8 Na Na Na na
Arg1 82.7 85.7 83.5 88.4 Na Na Na na
Arg2 79.5 83.3 81.0 84.8 Na Na Na na
US1 80.5 92.9 82.7 87.2 86.7 90.9 83.9 86.4
US2 80.8 91.4 83.1 85.7 85.7 90.9 83.6 86.7
USswine 81.2 87.6 83.5 84.2 86.1 90.0 83.0 85.7
NLSW15 100.0 82.0 94.7 83.8 100.0 83.8 90.9 82.7
NLSW22 82.0 100.0 84.2 87.6 83.8 100.0 83.3 85.7
NLSW50 94.7 84.2 100.0 85.7 90.9 83.3 100.0 84.4
NLSW105 83.8 87.6 85.7 100.0 82.7 85.7 84.4 100.0
NLSW36 84.2 86.1 85.3 91.0 83.0 84.7 83.2 89.4
NLSW82 93.2 85.3 93.2 83.8 91.0 79.5 91.2 83.3
NLSW85 91.7 85.3 93.6 86.1 91.3 92.5 92.7 84.2
NLSW122 82.7 95.5 83.5 88.4 83.2 82.6 83.8 86.0
Greece1 92.1 82.3 92.9 83.8 Na Na Na Na
Greece2 85.7 80.8 83.1 79.3 Na Na Na Na
Egypt Na Na Na Na 75.6 76.5 76.5 76.5
Morocco Na Na Na Na 77.5 77.2 78.1 76.5
VH1 92.1 83.5 92.1 83.8 91.1 80.9 93.1 82.9
VH2 91.0 83.1 91.7 83.5 92.4 80.3 92.4 81.6
E11 Na Na Na Na 92.8 80.9 91.8 82.6
Barcelona 79.3 73.7 78.2 75.9 76.9 76.2 77.8 79.0
Nepal 79.3 73.7 78.2 75.9 78.1 78.1 79.6 79.3
Burma1 79.7 72.9 78.6 76.3 76.9 76.8 78.4 78.1
India1 79.0 73.7 78.6 75.6 78.7 76.5 79.0 78.7
China1 79.0 72.9 78.6 75.6 77.5 77.8 78.4 78.4
Pakistan 79.3 73.3 78.2 75.9 77.5 77.2 78.4 77.5
New 
China(T1)
80.5 77.8 79.7 78.6 79.0 79.6 78.7 77.2
Mexico 78.2 77.8 77.5 76.3 76.0 75.4 76.0 75.1
aFor explanation of isolates’ acronyms, see Figure 2 legends.
bna= not availableResearch
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Other studies with different designs will be needed to
find out whether HEV can cause clinical disease in
swine. HEV may run a subclinical course in swine (7), a
situation resembling the mostly asymptomatic hepatitis
A and E infections in children (4). The outcome of natu-
ral HEV infection in adult and pregnant pigs is unknown
and needs to be evaluated. In addition, it is unknown
whether subclinical HEV infection may have adverse
effects on growth rates in juvenile pigs.
On the basis of sequence comparisons, genetic dis-
tances, and phylogenetic analyses of the 242 bases of
ORF1 and the 304 bases of ORF2, all swine HEVs in the
Netherlands clustered with previously described Euro-
pean or American human or swine HEV isolates. There
appears to be geographic clustering of swine and human
sequences in Europe, America, and Asia. Only one Asian
isolate (from New Zealand) clustered with a European
isolate. The observation that American, European, and
Asian human and swine isolates group together suggests
relatively recent interspecies transmission in different
parts of the world. To determine whether human HEV
evolved from swine HEV or vice versa, the retrospective
studies of archived fecal or serum samples from humans
and swine may provide information about the evolution-
ary relationship between swine and human HEV.
An important issue raised from the discovery of
swine HEV strains similar to human strains is the possi-
bility of actual zoonotic transmission from swine to
Figure 2. Phylogenetic relationships among human and pig strains of Hepatitis E virus (HEV), based on a 242-bp sequence of ORF1 (nucle-
otides 125-366). Rooted tree (A) and unrooted tree (B). In the rooted tree, all the Dutch swine sequences are depicted with the foreign isolates
that cluster with those sequences, as well as prototype isolates from different clusters. The distances can be estimated by using the scale, and
the numbers are confidentiality rates. In the unrooted tree, eight Dutch swine sequences selected on the basis of diversity are depicted with
isolates from different geographic origins. The numbers correspond with distances. NLSw15, 20, 22, 28, 36, 50, 68, 76, 82, 85, 91, 99, 105, and
122: 14 Dutch pig HEV. US1, US2 and USswine: United States human and pig HEV strains, respectively (19). Greece 1 and Greece 2: Greek
human HEV strains (13). Arg1 and Arg 2: Argentinian human isolates (20). VH1 and VH2: Spanish human isolates; and E11: Spanish slaugh-
terhouse sewage isolate (21). Burma1: Burmese human isolate (22). Italy1: human isolate (13). Barcelona: sewage isolate (23). Pakistan:
human isolate (24). China1: human isolate (25). India1: human isolate (GenBank acc. no. X99441). NZ1: New Zealand human isolate (Gen-
Bank acc. no AF215661). Nepal: human isolate (26). Egypt: human isolate (22). Morocco: human isolate (7). NewChina (T1):GenBank acc. No
AJ272108).
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humans. Based on the sequence similarities observed
among the Dutch swine HEV strains and the European
and North American human strains, one cannot yet deter-
mine whether these swine strains are species-specific or
circulating in the human population as well. Swine may be
a reservoir for human infection. A reported higher anti-
HEV seroprevalence among pig farmers working in close
contact with pigs versus persons whose work does not
involve contact with livestock (28) suggests that swine
HEV may infect humans. If zoonotic HEV infections occur,
whether HEV from swine can cause clinical disease in
humans warrants study. Clinical HEV infection in the
Netherlands in persons without a history of travel has not
yet been observed; however, nontravelers with hepatitis
are seldom tested for HEV.
HEV has been detected in sewage in Spain (23). The
discovery of HEV in swine in the Netherlands suggests
that humans may become infected by contact with sewage
of animal origin or even through contact with surface
waters.
In addition to the public health concern about zoono-
sis, there is also the concern for xenozoonosis, the inadvert-
ent transmission of pathogens from animal organs to
human recipients. Nonpathogenic pig HEV strains may
become pathogenic for humans after xenotransplantation,
as a result of species jumping, recombination, or adapta-
tion in immunocompromised xenotransplantation recipi-
ents (29).
In conclusion, the discovery of swine HEV strains in
Figure 3. Phylogenetic relationships among human and pig Hepatitis E virus strains, based on 304 nucleotide sequences of HEV ORF2 (nu-cle-
otides 5994-6297). Rooted tree (A) and unrooted tree (B). For further explanation of the figure and definition of isolate acronyms, see Figure 2
legend.
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the Netherlands related to human HEV isolates from Europe
and America indicates an important new direction for HEV
research. From the public health point of view, methods
should be developed to detect interspecies transmission at an
early stage. Swine HEV infection may provide an animal
model for HEV studies, and swine HEV might also prove use-
ful for development of a vaccine against human hepatitis E.
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